In the budding yeast Saccharomyces cerevisiae, the RAD52 gene is essential for all homologous recombination events and its homologue, the RAD59 gene, is important for those that occur independently of RAD51. Both Rad52 and Rad59 proteins can anneal complementary ssDNA. We quantitatively examined the ssDNA annealing activity of Rad52 and Rad59 proteins and found significant differences in their biochemical properties. First, and most importantly, they differ in their ability to anneal ssDNA that is complexed with Replication Protein-A (RPA). Rad52 can anneal an RPA-ssDNA complex, but Rad59 cannot. Second, Rad59-promoted DNA annealing by follows first-order reaction kinetics, whereas Rad52-promoted annealing follows secondorder reaction kinetics. Last, Rad59 enhances Rad52-mediated DNA annealing at increased NaCl concentrations, both in the absence and presence of RPA. These results suggest that Rad59 performs different functions in the recombination process, and should be more accurately viewed as a Rad52-paralogue.
Introduction
Repair of DNA double-strand breaks (DSBs) is a crucial process needed to maintain cell viability and genomic integrity. An unrepaired DSB can result in growth arrest, loss of genetic information, or cell death (1) . In Saccharomyces cerevisiae, genes in the RAD52 epistasis group are responsible for homologous recombination-dependent DSB repair (2) (3) (4) . To repair a DSB, the DNA end is first processed to reveal a 3' single-stranded (ssDNA) tail, which is subsequently channeled into one of the recombinational pathways. The canonical gene conversion pathway is an evolutionarily conserved process carried out the by the DNA strand exchange protein Rad51 (5) . Genes that are important for the gene conversion pathways are RAD51, RAD52, RAD54, RAD55, RAD57, and RFA1, which collectively define the RAD51-dependent recombination pathway (2, 4) .
In addition to the RAD51-dependent recombination, alternative repair pathways exist that are independent of RAD51 function. These pathways have different but overlapping genetic requirements from the classical gene conversion pathway (1, (6) (7) (8) . In S. cerevisiae, the major RAD51-independent pathway is single-stranded annealing (SSA). The SSA pathway does not involve Rad51-mediated invasion of dsDNA and the subsequent strand exchange steps. Instead, it occurs by annealing of two complementary ssDNA on either side of the DSB, followed by removal of heterologous tails and ligation of the nicks (2) . In addition to the recombination genes MRE11, RAD50, XRS2, RAD52, and RAD59 (6, 7) , the SSA pathway also depends on the MSH2, MSH3 (7, 9) , RAD1 and RAD10 (9, 10) genes. SSA in yeast is highly effective, accounting for 35-80% of DSB repair events when a DSB occurs between two direct repeats (2, 6, 11) .
The RAD52 gene encodes a 471-residue protein that is required for all homologous recombination events in S. cerevisiae (2, 4) . The ~200-residue N-terminus of Rad52 protein is highly conserved in most eukaryotic species; whereas the C-terminus confers species-specific interaction with Rad51 protein (12, 13) . Purified yeast and human Rad52 proteins form a multimeric ring structure (14) (15) (16) (17) , bind to ssDNA and dsDNA, anneal complementary ssDNA in the absence (18, 19) or presence (16, 20) of Replication Protein-A (RPA) from the same species, and alleviate the inhibitory effect of RPA in Rad51-mediated DNA strand exchange reaction (21) (22) (23) (24) (25) .
Rad59 protein is a smaller, 238-residue protein with homology to the N-terminus of Rad52 protein, a domain that is important in DNA binding and annealing. Although Rad52 protein is found in most eukaryotes, Rad59 has only been identified in fungal species, including S. cerevisiae (26) and Kluyveromyces lactis (27) . Rad59 proteins from different species bear higher sequence similarity to each other than to the Rad52 protein from the same species. In S. cerevisiae, cells defective in RAD59 show decreased or delayed recombination between inverted repeat sequences (26,28) and SSA (7, 29, 30) . Mutation of both RAD51 and RAD59 produces a synergistic reduction in recombination (26, 31) , suggesting competition between these two modes of DNA repair. Rad59 protein interacts with Rad52 protein in vivo (29, 32) , consistent with the genetic findings that the collaboration of Rad52 and Rad59 proteins is required for the RAD51-independent pathways. Purified Rad59 protein binds ssDNA preferentially over dsDNA, and anneals complementary ssDNA (29, 33) .
Although there have been reports characterizing the biochemical activities of Rad59 protein (29, 33) , the functional differences between Rad52 and Rad59 proteins have not yet been clearly resolved. Here, we provide a quantitative comparison of the yeast Rad52 and Rad59 proteins with respect to their biochemical activities. We find that despite their similar ability to anneal complementary ssDNA, these two proteins differ in significant respects. Perhaps most importantly with the regard to their biological function, they differ in their capacity to anneal complementary ssDNA that is bound by RPA. In contrast to a previous report (29) , we find that Rad59 protein cannot anneal complementary ssDNA-RPA complexes whereas Rad52 protein can. We see no additive or synergistic effect in DNA annealing when both proteins are present at optimal reaction conditions. However, Rad59 protein increases the resistance of Rad52-dependent annealing to inhibition by NaCl, suggesting that Rad59 protein stabilizes the Rad52-ssDNA complex. Finally, the kinetic mechanism of DNA annealing by these two proteins is different, further underscoring their uniqueness. Due to their dissimilar genetic and biochemical properties, we propose that Rad59 should be designated as a "Rad52 paralogue", which plays an accessory role in homologous recombination pathways that are dependent on the functions of RAD52.
Experimental Procedures
Proteins: Rad52 protein was purified as described (23) except that the Superose-12 column was substituted with a Superdex-200 column (GE Healthcare). A plasmid for overexpression of Rad59 protein in E. coli was constructed with a V5 epitope and a hexahistidine tag fused to its C-terminus. Expression of this fusion protein in yeast complements the methyl methanesulphonate (MMS) sensitivity of the rad59 mutant strain LSY836 (34) to the same extent as the untagged Rad59 protein construct (data not shown). Rad59 protein was over-expressed in BLR(DE3) pLysS (Novagen). Cells were resuspended in 5 volumes of lysis buffer (50 mM MES, pH 6.5, 1 M NaCl, 10% glycerol) supplemented with 10 mM imidazole and 1 mM phenylmethylsulfonyl fluoride, and were lysed using a French Press. The lysate was clarified by high-speed centrifugation at 35,000 rpm for 30 min at 4 o C in a Beckman Ti-45 rotor and was loaded onto a Ni 2+ -charged chelating sepharose column. The column was washed with 5-10 column volumes of lysis buffer containing 50 mM and then with the buffer containing 100 mM imidazole. Rad59 protein was eluted with lysis buffer containing 300 mM imidazole. The eluate was dialyzed twice against 1-liter of MDEG buffer (25 mM MES, pH 6.5, 1 mM DTT, 1 mM EDTA, 10% glycerol) containing 200 mM NaCl for a period of at least 2 hr. The dialysate was spun at 10,000 rpm for 1 hr at 4 o C in a Beckman JA-20 rotor to remove any precipitate, diluted three-fold with MDEG buffer, and then loaded onto a 1-ml HiTrap Qsepharose column. The flow-through from the Q-sepharose column was applied to a 1 ml Hitrap heparin-sepharose column and fractionated with a linear gradient of 100-600 mM NaCl in MDEG buffer. Rad59 protein eluted at ~400 mM NaCl and the peak fractions were dialyzed against storage buffer (25 mM Tris-HCl, pH 7.0, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, and 10% glycerol). The concentration of Rad59 protein was determined using an extinction coefficient of 35,140 M -1 cm -1 at 280 nm based on its amino acid composition. RPA was purified as described (35) . Restriction endonuclease PstI, human SssI methylase, and T4 polynucleotide kinase were purchased from New England Biolabs. S1 nuclease and proteinase K were purchased from USB Corp. and Roche Applied Science, respectively.
DNA substrates: For annealing assays, 48-mer oligonucleotides #25 and #26 were prepared and the concentrations were determined as described (20) . The sequences for #25 and #26 are 5'-GCAATTAAGCTCTAAGCCATCCG CAAAAATGACCTCTTATCAAAAGGA-3' and 5'-TCCTTTTGATAAGAGGTCATTTTT GCGGATGGCTTAGAGCTTAATTGC-3', respectively. To produce annealed dsDNA control substrate, 80 μM of each oligonucleotide were mixed together in 10 mM TrisHCl, pH 7.5, 10 mM Mg(OAc) 2 , 1 mM EDTA and were heated to 100 o C for 5 min. The reaction mixture was cooled down slowly to room temperature over a period of ~2 hr, to produce a product that was >99% duplex. Complementary oligonucleotides 32F and 32R used in the kinetics study encompass the central 32 nucleotides of #25 and #26, and the sequences are 5'-GCTCTAAGCCATCCG CAAAAATGACCTCTTAT-3' and 5'-ATAA GAGGTCATTTTTGCGGATGGCTTAGAG C-3', respectively. Plasmid DNA pBluescript SK(+) was prepared using a Qiagen Maxiprep kit, linearized with PstI, and heat-denatured at 100 o C for 3 min immediately before use. For the S1 nuclease-based annealing assay, the PstI-linearized pBluescript SK(+) was labeled with tritium using SssI methylase and 3 H-Sadenosyl-methionine (NEN), and then denatured as described (36) . Concentrations for plasmid dsDNA were determined using an extinction coefficient of 6,500 M -1 cm -1 at 260 nm and are expressed in nucleotides. DAPI fluorescence-based annealing assay: DAPI (4', 6-diamidino-2-phenylindole) was purchased from Molecular Probes. Unless otherwise indicated, the DAPI fluorescencebased assays were carried out as described (20) , except that a Shimadzu RF5000U spectrofluorimeter was used. The bandwidths for excitation (345 nm) and emission (467 nm) light were set to 3 and 15 nm, respectively. The levels of 0% and 100% DNA annealing were defined as fluorescence increase over background by the ssDNA substrates and the annealed dsDNA product, respectively. The rate of DNA annealing was determined by measuring the slope from the first measurable 10 seconds (10-20 sec) after initiation of the reaction. 
Gel

S1 nuclease-based DNA annealing assay:
The annealing assays were carried out essentially as described above except that 1 μM heatdenatured, tritiated pBluescript SK(+) DNA was used instead. At each indicated time point, a 10-μl aliquot was withdrawn and added to 1 μl of 10% SDS. The mixture was then diluted with 1X S1 reaction buffer (50 mM NaOAc (pH 4.6), 250 mM NaCl, and 1 mM ZnSO 4 ) to a final volume of 150 μl. Heat-denatured calf thymus DNA (2.5 μg; Sigma) and 10 units of S1 nuclease were added to the reaction and the mixture was incubated at 37°C for 30 min. The nuclease digestion was terminated by addition of 10 μg of heat-denatured calf thymus DNA and an equal volume of cold 10% trichloroacetic acid (TCA). The reaction was kept on ice for 30 min and filtered through a GF/C filter (Whatman). Each filter was washed with 1 ml of cold 10% TCA for three times and 1 ml of 95% ethanol once, and air-dried for 10-14 hr. The TCA-precipitable radioactivity was measured on a Beckman scintillation counter. The extent of DNA annealing is quantified as the percentage of TCA-precipitable counts relative to the dsDNA control.
Results
Rad52 and Rad59 anneal complementary single-stranded oligonucleotides in the absence of RPA
First, we examined the annealing of two complementary oligonucleotides by Rad52 and Rad59 proteins, using a DAPI fluorescence-based method as described previously (20) . In the absence of protein, spontaneous annealing resulted in a slow increase of dsDNA-specific DAPI fluorescence over time ( Figure 1A , "no protein"). When Rad52 protein was incubated with the first oligonucleotide, addition of the complementary oligonucleotide resulted in an immediate increase in DAPI fluorescence ( Figure 1A , "Rad52"). Consistent with the previous report (20) , Rad52-promoted DNA annealing was rapid, reaching a plateau in 1-2 min.
Annealing of these oligonucleotides was also accelerated by Rad59 protein. The Rad59-promoted reaction was significantly faster than the spontaneous reaction, and only slightly slower than the Rad52-promoted reaction, reaching a plateau in about 2 min ( Figure 1A , "Rad59"). The ability of Rad59 to anneal complementary ssDNA is also consistent with previous reports (29, 33) . The rate of DNA annealing increased in a sigmoid manner with increasing Rad59 protein concentration ( Figure 1B ) until a plateau was achieved at about 60-80 nM. The extent of DNA annealing was 100% for Rad59 protein concentrations above 40 nM, but at lower concentration, the reactions were too slow to determine a reliable endpoint (data not shown).
Rad52 and Rad59 anneal plasmid-length ssDNA in the absence of RPA
We also examined the annealing activity of Rad59 protein using a longer ssDNA substrate possessing substantial secondary structure: heat-denatured, linearized pBluescript SK(+) DNA (2,958 bases). The secondary structure in plasmid-length ssDNA caused high background fluorescence, at approximately 50% of the native dsDNA level, and interfered with measurement of DNA annealing. This background signal was stable over the observation time course however ( Figure 1C , "no protein"), indicating no additional spontaneous annealing was occurring. When Rad52 protein was added to the reaction, the DAPI fluorescence signal first decreased slightly, then gradually increased until it reached the original level, yielding no net increase in fluorescence signal ( Figure 1C , "Rad52").. This result is consistent with our previous observation that Rad52 protein alone apparently did not promote measurable annealing of plasmid-length ssDNA due to interference from ssDNA secondary structure (20) . In contrast, when Rad59 protein was tested, the fluorescence signal increased, corresponding to annealing of ~30% of the ssDNA ( Figure 1C , "Rad59"), consistent with previous observation that Rad59 protein promotes annealing of plasmid-length ssDNA (33) .
Because of the interference from DNA secondary structure in the DAPI assay when plasmid-length DNA was used, we examined DNA duplex formation more directly. The progress of DNA annealing was monitored using agarose gel electrophoresis to separate the ssDNA substrates and annealing products after deproteinization. When heat-denatured plasmid DNA was incubated alone, there was very little DNA annealing that occurred over the 10-min time course (Figure 2A -C, lanes 1 and 2). In contrast, incubating the ssDNA with Rad52 protein (Figure 2A , B, lanes 3-9) produced an increasing amount of annealed DNA species over time. This result was unexpected since, in the DAPI fluorescencebased assay there was little change in dsDNAspecific signal for Rad52 protein. We suspect that, in the DAPI assay, product-specific fluorescence signal is masked due to interference from ssDNA secondary structure. In fact, the slight decrease in DAPI fluorescence (~10%) immediately after Rad52 addition ( Figure 1C , "Rad52") suggests that binding of Rad52 to ssDNA may partially disrupt DNA secondary structure. Thus, the decrease in DAPI fluorescence due to reduced secondary structure obscured the fluorescence increase due to DNA annealing.
Similar to Rad52 protein, Rad59 protein annealed the ssDNA and produced slowermigrating DNA species ( Figure 2C , lanes 4-9). This result confirmed that Rad59 protein can anneal plasmid-length complementary ssDNA quickly and efficiently as shown in the DAPI assay ( Figure 1C ) and in a previous report (33) .
In the DNA annealing reactions promoted by Rad52 or Rad59 protein, there are two major annealing products: 1) a discrete product that migrates at a position corresponding to unit-length plasmid dsDNA; and 2) a complex product with a slower migration or that fails to enter the gel, indicating the formation of a network structure containing multiple ssDNA molecules. In Rad52-promoted annealing reactions ( Figure  2A , B), there were approximately equal amounts of the duplex-length product and the network structure. In contrast, in Rad59-promoted annealing reaction ( Figure 2C ), the product was predominantly DNA networks.
Since there was a discrepancy between the DAPI fluorescence-and gel-based annealing assays with respect to the ability of Rad52 to anneal the plasmid-length ssDNA substrates, we used an S1 nuclease-based assay (37) to resolve this inconsistency. Because S1 nuclease degrades ssDNA but not dsDNA, only the annealed dsDNA product will be resistant to S1 nuclease digestion and can be precipitated by TCA (illustrated in Figure 3 ). In addition, this assay is better for scoring the extent of annealing in only partially duplex DNA products. Using this assay, we detected Rad52-promoted DNA annealing of long ssDNA ( Figure 3A , "−RPA"). Annealing was optimal at 100 nM Rad52 protein, corresponding to 1 Rad52 monomer per 10 nucleotides of ssDNA ( Figure 3B ). These results are similar to those obtained from the gel-based assay (Figure 2A , B), but are inconsistent with the result obtained from the DAPI assay ( Figure 1C ). Due to the high interference from the DNA secondary structure in the DAPI assay, we believe that, with plasmid-length ssDNA substrates, results from the gel and S1 nuclease assays are more reliable. Therefore, we conclude that Rad52 protein alone can anneal plasmid-length ssDNA.
Likewise, Rad59 protein promoted annealing of plasmid-length ssDNA as measured by S1 nuclease resistance ( Figure  3C ). When these results are compared to those from the gel assay ( Figure 2C ), the yield of apparent annealing is greater in the gel assay than that of dsDNA product formation in S1 nuclease assay. This comparison suggests that Rad59 protein promotes annealing between short stretches of complementary sequences between multiple ssDNA molecules to produce annealing products that are not fully base-paired but which have reduced electrophoretic mobility. The apparent annealing extent measured by the gel assay is faster than that measured by S1 nuclease digestion, further suggesting that additional intra-molecular annealing is occurring over time within the initially paired, partially annealed DNA products.
Similar to the annealing of oligonucleotides ( Figure 1B , "−RPA"), DNA annealing of the longer ssDNA showed a sigmoidal dependence on Rad59 protein concentration ( Figure 3D , "−RPA") suggesting that, under these conditions, at least 1 Rad59 protein per 20 nucleotides is required for DNA annealing. However, at a higher ssDNA concentration, Rad59 protein was reported to promote annealing at a much lower protein to DNA ratio (33) . We have also observed DNA annealing by Rad59 protein at ratios as low as 1 protein to 100 nucleotides ratio when the ssDNA substrate concentration was increased to 40 μM (plasmid-length ssDNA substrate, data not shown). We attribute this variation to the possibility that the affinity of Rad59 for ssDNA is not sufficiently high to confer stoichiometric binding at low DNA concentrations. Consequently, at higher DNA concentrations, protein-DNA complex formation and DNA annealing are more effective.
Unlike Rad52 protein, Rad59 protein cannot anneal ssDNA that is complexed with RPA
A unique feature of Rad52 protein is that it anneals complementary ssDNA complexed with RPA in a species-specific manner (16, 20) . Functional homologues of Rad52, the E. coli RecO protein (38) and the bacteriophage T4 UvsY protein (Noriko Kantake, Liang Yang, S.C.K. unpublished observations), can also promote annealing of ssDNA complexed with their cognate SSB proteins. In contrast, Rad59 protein was reported unable to anneal plasmid-length ssDNA (33) but was able to anneal short oligonucleotides (29) in the presence of RPA. To examine this potentially unique aspect of DNA annealing more carefully, Rad52-and Rad59-promoted annealing in the presence of a saturating amount of RPA was performed using each of the three different annealing assays described above.
In all three annealing assays, with oligonucleotide and plasmid-length ssDNA substrates, reactions containing only RPA showed no signal increase during the entire time course ( Figure 1A , C, "RPA only" trace; Figure 2C , lane 3). Furthermore, in the DAPI assay, the fluorescence signal from the plasmid-length ssDNA decreased to the baseline ( Figure 1C , "RPA only"), indicating that RPA not only prevents DNA annealing but, as expected, also removes secondary structure from the DNA.
As previously observed in the DAPI assay (20) , Rad52 protein annealed complementary oligonucleotides in the presence of RPA, but at a slower rate ( Figure  1A , "RPA Rad52"). Rad52 protein also annealed plasmid-length ssDNA efficiently when RPA was present ( Figure 1C , "RPA Rad52"). The gel assay also showed that Rad52 protein could anneal plasmid-length ssDNA complexed with RPA ( Figure 2A , B, lanes 10-16), consistent with a previous report (16) . Interestingly, the presence of RPA favored formation of unit-length duplex DNA, and the amount of network structures was reduced, especially at a sub-optimal concentration of Rad52 protein (Figure 2A,  B) . At 100 nM Rad52 protein, the apparent rate of DNA annealing in the presence of RPA was not much different than that obtained in the absence of RPA in the gel assay ( Figure  2A ). At 50 nM Rad52 protein, RPA slowed down annealing in both gel and S1 nuclease assays ( Figure 2B, 3B ). This finding suggests that by removing DNA secondary structure, RPA enhances the ability of Rad52 to fully anneal two ssDNA molecules to form a continuous duplex DNA, rather than to anneal multiple ssDNA molecules into a network structure. The S1 nuclease assay ( Figure 3A , "+RPA") confirms that in the presence of RPA, although the rate of annealing is slowed ( Figure 3A and B) , the extent of annealing is nearly complete at the base pair level (~80%).
For Rad59 protein, in all three assays, no DNA annealing was detected in the presence of RPA (Figure 1, 2C, 3C ). Even when Rad59 protein concentration was increased to a ratio of 1 protein per 2-2.5 nucleotides, there was very little DNA annealing ( Figure 1B, 3D) . Only when the reaction was incubated for a longer period of time (20 min), did a low extent of DNA annealing (~5%) become apparent with the oligonucleotide substrates (data not shown), but not with the plasmid-length ssDNA substrates ( Figure 3C ). We therefore conclude that Rad59 is unable to promote DNA annealing in the presence of RPA.
Rad59-promoted DNA annealing is a firstorder reaction
The rate of spontaneous DNA annealing is determined by the collision frequency of the two complimentary ssDNA sequences; hence the reaction follows second-order kinetics. It was reported previously that Rad52-dependent DNA annealing follows second-order kinetics, but is 3,500-fold faster than a spontaneous reaction (19) . This finding suggested that the rate-limiting step is also determined by the frequency of collision between Rad52-ssDNA and the complementary ssDNA. In contrast, RecA-mediated annealing follows first-order reaction kinetics, indicating that the ratelimiting step is an intermediate step following the encounter of the two ssDNA molecules (39) . We examined the reaction kinetics of Rad59-mediated annealing reaction by measuring the reaction half-time at different ssDNA concentrations. In a plot of the halftime versus the reciprocal of initial DNA concentration, a second-order reaction would give a straight line of a slope of 1/k, where k is the reaction constant, whereas a first-order reaction would yield a horizontal line (with a slope of 0), since the half-time is independent of initial concentration.
To accurately determine the half-time as a function of DNA concentration, we modified the DAPI assay. The 48-nt oligonucleotide substrates are not completely free of potential secondary structure; therefore, we used a shorter pair of oligonucleotides whose sequences are identical to the central 32 nucleotides of the 48-nt oligonucleotide pair used earlier. These oligonucleotides have less predicted secondary structure. To compensate for the poorer binding affinity of Rad59 protein for shorter oligonucleotides, the magnesium ion concentration was lowered to 2.5 mM, which increases the binding affinity of Rad59 protein (Y. W. unpublished observations). As expected, spontaneous annealing of the 32-nt oligonucleotide pair followed second order kinetic behavior, in that the reaction half-time was a linear function of the reciprocal of initial DNA concentration (Figure 4, "spontaneous annealing" ). The slope is 134.8 ± 11.3 μM sec, which yields an observed reaction rate constant of 7.5 × 10 3 M -1 sec -1 . Rad59-mediated annealing behaved differently in that the reaction half-time changed very little for all initial ssDNA concentrations tested (Figure 4 , "Rad59-mediated annealing"). From the average halftime of 65 sec, the observed reaction rate constant is 0.011 sec -1 . We therefore conclude that, unlike Rad52-mediated DNA annealing, the Rad59-promoted reaction is a first-order reaction. The fact that Rad59-dependent annealing is first-order suggests there is an additional step following the rapid encounter of the Rad59-ssDNA complex and complementary ssDNA, during which base pairing occurs and that determines the ratelimiting observed reaction rate.
Rad59 enhances Rad52-promoted DNA annealing at elevated NaCl concentrations
Both Rad52 and Rad59 protein are important for RAD51-independent homologous recombination. Since the functions of RAD59 depend on those of RAD52, and these two proteins interact with each other (29,32), we tested whether one modulates the biochemical activities of the other. We first examined annealing of the oligonucleotide substrates using the DAPI assay and annealing of the plasmid-length substrates using the S1 nuclease assay, in the absence or presence of RPA. Unfortunately, no significant increase in either annealing rate or annealing extent was observed in these reactions (data not shown). This result contradicts a previous report, in which Rad59 protein was reported to have an additive effect with Rad52 protein in the annealing of RPAcoated ssDNA (29) .
Since the importance of Rad59 protein in the SSA pathway increases as the length of homologous sequence decreases (7), we reasoned that the effect of Rad59 on Rad52-mediated DNA annealing might not be obvious at optimal conditions but might be manifest at sub-optimal annealing conditions. Because increasing the salt concentration generally reduces the affinity of proteins for nucleic acids, we therefore examined DNA annealing at higher NaCl concentrations using oligonucleotide substrates in the DAPI assay.
In the absence of RPA, DNA annealing by Rad52 protein was very efficient and no significant decrease in annealing rate or extent was observed at NaCl concentrations of 100 mM or lower. At these conditions, inclusion of Rad59 had no effect, as shown in a representative result obtained at 100 mM NaCl ( Figure 5A ). But at 250 mM NaCl, the rate of Rad52-mediated DNA annealing was greatly inhibited (~20 nM bp/min), being only slightly better than the spontaneous rate (~10 nM bp/min). At this condition, inclusion of Rad59 protein resulted in a reaction rate that was about twice as fast (~50 nM bp/min ( Figure  5B ). This enhanced annealing was not due simply to an additive contribution of annealing by Rad59 protein, because at NaCl concentrations of 100 mM and higher, Rad59 protein alone is unable to promote DNA annealing above the spontaneous rate ( Figures  5A and B, "Rad59") . The NaCl concentration dependence of DNA annealing promoted by Rad52 protein alone and Rad52-Rad59 proteins combined is shown in Figure 5C . For both reactions, annealing was gradually inhibited as NaCl concentration increased, but at NaCl concentrations above ~150 mM, the stimulatory effect of Rad59 becomes evident.
In the presence of RPA, DNA annealing by Rad52 protein was much more sensitive to elevated NaCl concentrations. At 40 mM NaCl, the initial rate was reduced by ~50%, and at 100 mM NaCl, DNA annealing was severely suppressed to a rate of ~5 nM bp/min ( Figure 6A and B) . Similarly, at NaCl concentrations of 40 mM or lower, there was no significant difference when Rad59 protein was added together with Rad52 protein ( Figure 6C ). In contrast, at NaCl concentrations of 60 mM and higher, Rad59 protein stimulated DNA annealing promoted by Rad52 protein. For example, at 100 mM NaCl, a concentration that approaches physiological, the rate for Rad52-Rad59 proteins combined (~ 10 nM bp/min) was twice as fast as that for Rad52 protein alone ( Figure 6B , and C). Titration of Rad59 protein at various Rad52 concentrations, but at a fixed DNA concentration, showed that annealing was optimal at Rad59 protein concentrations of 40 nM and 80 nM when the Rad52 protein concentrations were 20 nM and 40 nM, respectively ( Figure 6D ). This effect was not due to the ability of Rad59 to protein to promote annealing of the RPA-coated ssDNA substrate at increased NaCl concentration, because there was no DNA annealing in the absence of Rad52 protein ( Figure 6D ). Thus, optimal stimulation of Rad52-mediated DNA annealing occurs when Rad59 protein is present at a 2:1 stoichiometric ratio with respect to Rad52 protein; because the specific activities of these annealing proteins is not well defined, we cannot say with certainty that this ratio represents the actual molecular ratio of the proteins within the active complex. Nevertheless, these results establish a clear stimulatory function for Rad59 protein in the unique capacity of Rad52 protein to anneal RPA-ssDNA complexes.
Discussion
Both Rad52 and Rad59 promote DNA annealing in the absence of RPA
In this report, we quantitatively analyzed the DNA annealing activity of S. cerevisiae Rad52 and Rad59 proteins. In agreement with previous reports (16, 20, 29, 33) , we demonstrated that Rad52 and Rad59 proteins promote annealing between complementary ssDNA molecules, using three different assays. Previously, using the DAPI fluorescence-based assay, it was shown that Rad52 protein could mediate annealing of oligonucleotides efficiently, but that the annealing of plasmid-length ssDNA was not detected (20) . We re-examined this observation using two additional assays. Although the previous observations from the DAPI assay were reproduced, both the gel and S1 nuclease assays clearly showed that Rad52 protein could anneal plasmid-length ssDNA in the absence of RPA. Similar to Rad52 protein, Rad59 protein promoted annealing of ssDNA in the absence of RPA. Rad59-dependent DNA annealing is rapid, occurring within a few minutes, and efficient, ranging from 60-100% depending on the assay and substrate used. The annealing rates are also comparable to that of another annealing protein, E. coli RecO (38) .
Rad52-promoted DNA annealing follows second-order kinetics, at a rate ~3500-fold faster than the spontaneous bimolecular reaction (19) , indicating that the reaction depends on the frequency of collision between the Rad52-ssDNA complex and complementary ssDNA. From the modeled Rad52-ssDNA complex based on the structure of the human Rad52 N-terminus (14) , ssDNA is proposed to dock in a positively-charged surface of Rad52 protein with the bases pointing outwards from the protein-ssDNA interface. Therefore, the bases are freely accessible to pair with an incoming complementary ssDNA molecule to form dsDNA, consistent with the proposed secondorder kinetics.
In contrast to Rad52-mediated DNA annealing, the Rad59-dependent reaction follows first-order kinetics (Figure 4 ), which is a characteristic shared with RecA protein (39) . The first-order kinetic behavior indicates that the reaction is likely to have at least one intermediate step following the encounter of the Rad59-ssDNA complex with the complementary ssDNA before formation of the dsDNA product. The observed reaction rate would be determined by this rate-limiting unimolecular step, and a minimal kinetic scheme is:
Collision of the two ssDNA molecules is the second order step that must occur at a faster rate compared to the subsequent steps. The rate-limiting, first-order step can be either the transition from the Rad59-ssDNA substrate complex to Rad59-dsDNA product complex, or the dissociation of Rad59 protein from the dsDNA to yield the final product. This difference in reaction order suggests that Rad59 protein may adopt a different ssDNA binding conformation than Rad52 protein.
Rad52, but not Rad59, protein promotes DNA annealing in the presence of RPA
We also examined DNA annealing by Rad52 and Rad59 proteins in the presence of RPA. In all of our experiments, we observed that Rad52 promotes DNA annealing in the presence of RPA, but at a reduced rate. Interestingly, when we used a sub-saturating concentration of Rad52 protein (relative to the ssDNA), a higher fraction of unit-length plasmid dsDNA product was formed in the presence of RPA, rather than randomly annealed networks of DNA. We have proposed previously (20) that RPA serves an important function in SSA, which is to remove the inhibitory effects of secondary structure in ssDNA. Our results here demonstrate further the importance of RPA that RPA facilitates formation of an ordered duplex DNA product with contiguous base-pairing between two DNA strands, rather than random DNA networks involving multiple strands.
To date, Rad52 protein is the only protein discovered in S. cerevisiae that can anneal complementary ssDNA in the presence of RPA. Rad52 protein binds to RPA (16) and forms a stable co-complex with RPA-ssDNA (25) . Because Rad52 protein does not displace RPA from the ssDNA, DNA pairing must occur without first dissociating the RPAssDNA complex. Indeed, Rad52-mediated DNA annealing in the presence of RPA follows slower reaction kinetics (Figures 1 and  3 ) and is more sensitive to increased NaCl concentrations compared to the reaction without RPA (Figures 5C and 6C) . At 100 mM NaCl, Rad52-mediated DNA annealing on RPA-coated ssDNA is severely impaired; whereas Rad52-mediated annealing on naked ssDNA is unaffected, indicating the Rad52-ssDNA complex is stable at 100 mM NaCl. RPA has a high affinity for ssDNA (K d ~ 10 -9 M) and the binding of RPA to ssDNA is stable at 0.4 M NaCl (35) . Also, the interaction between RPA and Rad52 protein can be detected at NaCl concentrations up to 2 M NaCl (40) . Therefore, the inability of Rad52 protein to promote annealing of RPA-coated ssDNA at ~100 mM NaCl is not due to the reduced interaction between any two of Rad52 protein, RPA, and ssDNA. Instead, our experiments suggest that, in the presence of RPA, there is an additional intermediate step that is highly sensitive to increased NaCl concentrations. For example, RPA binding to ssDNA involves stacking interactions with the bases (41). For DNA annealing to occur, it is likely that RPA needs to undergo a conformational change, presumably induced by Rad52 protein, to free the bases to permit pairing with a complementary strand. Consistent with this idea, Rad52-mediated annealing of ssDNA coated by RPA-t11, an RPA mutant that is displaced more slowly from ssDNA (35) , is even more sensitive to increased NaCl concentrations than the wildtype RPA (unpublished observations).
The most prominent difference between Rad52 and Rad59 proteins is their response to RPA-coated ssDNA. Using three independent methods, we find that Rad59 protein does not promote any detectable DNA annealing of RPA-coated ssDNA, regardless of whether the ssDNA is oligonucleotide or plasmid-sized. Our observation is different from a previous report (29) . We believe that this difference is likely due to an insufficient amount of RPA used in the previous study: in that report, significant spontaneous annealing occurred in the "RPA alone" control reaction (about 20% at 8 min), suggesting that only a sub-saturating amount of active RPA was present in the reaction. In our experiments, the ssDNA substrates remained unannealed during the entire time course of our experiments ( Figure  1-3, "RPA" traces) . Therefore, we believe that when RPA is sub-saturating, Rad59 protein anneals free ssDNA, but not RPA-ssDNA complexes.
Rad59 protein stimulates Rad52-promoted DNA annealing under sub-optimal conditions
Genetic evidence indicates that both RAD52 and RAD59 are important in the SSA pathway at the DNA annealing step. Our results support that view, and they further suggest that the two proteins play different roles in the process. When a DSB is processed into ssDNA tails in vivo, RPA is the first to bind, given both its rapid kinetics of binding and high affinity for ssDNA. Therefore, an annealing reaction in vivo likely always involves a complex of RPA and ssDNA. Rad52, but not Rad59, protein can anneal such an RPA-ssDNA complex. Consequently, this step clearly must be mediated by Rad52 protein. The inability of Rad59 protein to promote annealing of RPA-coated ssDNA suggests that Rad59 does not participate directly in the DNA annealing step in vivo. Instead, because Rad52-mediated DNA annealing is optimally enhanced by a stoichiometric amount of Rad59 protein at increased NaCl concentrations, we propose that the function of Rad59 protein is to augment the RPA-ssDNA annealing function of Rad52 protein at physiological (i.e., suboptimal) conditions. A previous report showed that Rad52 and Rad59 proteins have an additive effect in DNA annealing at low NaCl condition (29) . We believe this inconsistency is again due to the previously mentioned explanation: i.e., that a sub-saturating amount of RPA was used in those experiments. Thus, we conclude that a co-complex of Rad52 and Rad59 proteins, at an apparent molar ratio of 1:2, is the functional species responsible for DNA annealing in wild-type cells.
We also believe that our observations, showing Rad59-facilitated DNA annealing by Rad52 protein at increased NaCl concentrations, have biological significance. In vivo, the free Na + and K + concentrations are at least 0.1-0.2 molal and 0.3 molal, respectively (42) . Thus, as shown by genetic studies, SSA is reduced but not eliminated by rad59 mutations. In addition, genetic studies showed that the dependence of SSA on RAD59 increases as the length of sequence homology shortens (7) , and also that loss of RAD59 shows a greater reduction in homeologous recombination than in homologous recombination (43). Our biochemical studies suggest that augmentation of RAD52 function by RAD59 might also be important under these sub-optimal conditions in vivo, such as those encountered during the annealing of imperfect or shorter, less stable complementary sequences.
Rad59 functions as a Rad52 paralogue
In (44) . However, the RAD51-independent pathway has not yet been thoroughly studied, and the existence of an as yet unidentified Rad52 paralogue important to SSA in higher eukaryotes remains a possibility. 
